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Abstract	  	  
	  
Connexins	  are	  components	  of	  gap	  junctions,	  which	  are	  critical	  for	  direct	  intercellular	  
communication.	  Gap	  junctional	  intercellular	  communication	  (GJIC)	  is	  required	  for	  bone	  
morphogenesis	  in	  mammals.	  Prior	  research	  has	  indicated	  that	  connexin43	  (cx43)	  has	  two	  
functions	  during	  zebrafish	  (Danio	  rerio)	  fin	  regeneration:	  it	  promotes	  cell	  proliferation	  and	  
suppresses	  joint	  formation.	  Semaphorin3d	  (sema3d)	  is	  a	  gene	  that	  functions	  downstream	  of	  
cx43	  during	  regeneration,	  also	  promoting	  cell	  proliferation	  and	  suppressing	  joint	  formation.	  
Semaphorins	  generally	  mediate	  cellular	  signal	  transduction,	  and	  may	  interact	  with	  receptors	  
called	  Neuropilins.	  Neuropilin2a	  (Nrp2a)	  is	  a	  putative	  receptor	  for	  Sema3d,	  but	  it	  remains	  
unknown	  whether	  Nrp2a	  is	  involved	  in	  the	  Cx43	  pathway.	  Sema3d	  is	  extremely	  labile	  in	  vitro,	  
and	  processing	  of	  the	  protein	  may	  play	  a	  role	  in	  its	  function.	  In	  situ	  hybridization	  revealed	  that	  
both	  cx43	  and	  sema3d	  levels	  transiently	  decrease	  around	  the	  time	  of	  the	  first	  joint	  formation	  in	  
the	  regenerating	  fin.	  These	  data	  support	  that	  both	  cx43	  and	  sema3d	  promote	  cell	  proliferation	  
and	  suppress	  joint	  formation.	  
	  
	  
Introduction	  
	  
Vertebrate	  animals	  display	  a	  wide	  variety	  of	  sizes	  and	  shapes,	  due	  in	  large	  part	  to	  varying	  
skeletal	  morphologies.	  Bone	  growth	  and	  skeletal	  development	  are	  therefore	  of	  broad	  biological	  
interest.	  The	  mechanisms	  that	  underlie	  these	  processes,	  however,	  are	  not	  well	  understood.	  
Different	  types	  of	  bones	  grow	  in	  different	  ways	  and	  the	  ways	  in	  which	  they	  grow	  influence	  their	  
functions.	  Genetics	  influences	  skeletal	  disorders,	  such	  as	  osteogenesis	  imperfecta	  (brittle	  bone	  
disease).	  Joint	  problems	  are	  also	  very	  common	  in	  humans.	  Bone	  growth	  and	  joint	  development	  
therefore	  are	  of	  scientific	  interest	  because	  they	  have	  significant	  clinical	  applications.	  
The	  zebrafish	  (Danio	  rerio)	  caudal	  fin	  is	  composed	  of	  bony	  fin	  rays,	  which	  in	  turn	  are	  composed	  
of	  bony	  segments.	  This	  system	  provides	  a	  useful	  model	  for	  studying	  the	  mechanisms	  of	  bone	  
growth	  and	  development.	  Fins	  grow	  throughout	  the	  lifetime	  of	  a	  fish	  by	  adding	  bony	  segments	  
to	  the	  distal	  end	  of	  the	  fin	  ray.	  Each	  fin	  ray	  consists	  of	  many	  bony	  segments,	  and	  thus	  has	  many	  
joints.	  If	  amputated,	  the	  zebrafish	  caudal	  fin	  regenerates,	  allowing	  for	  evaluation	  of	  rapid	  
growth.	  Since	  fins	  regenerate	  very	  quickly,	  the	  distal	  regenerate	  can	  easily	  be	  compared	  to	  
older,	  more	  proximal	  bone	  growth	  and	  joint	  structures.	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Fin	  regeneration	  proceeds	  in	  stages,	  with	  wound	  healing	  occurring	  in	  the	  period	  12-­‐24	  hours	  
post-­‐amputation	  (hpa).	  During	  this	  time,	  the	  blastema—a	  specialized	  structure	  that	  is	  capable	  
of	  differentiating	  into	  all	  the	  cells	  of	  the	  amputated	  tissue—forms.	  By	  72	  hpa,	  the	  blastema	  is	  
organized	  into	  compartments	  of	  non-­‐dividing	  and	  rapidly	  proliferating	  cells	  (Nechiporuk	  and	  
Keating,	  2002).	  The	  first	  joint	  begins	  to	  form	  around	  87	  hpa,	  and	  skeletal	  regeneration	  proceeds	  
rapidly	  after	  the	  joint	  is	  formed.	  Cx43	  mRNA	  is	  expressed	  at	  lower	  levels	  around	  3.5	  dpa	  (Ton,	  
personal	  communication).	  	  
An	  advantage	  of	  the	  zebrafish	  model	  system	  is	  the	  existence	  of	  fin	  length	  mutants.	  One	  such	  
mutant	  is	  the	  short	  fin	  (sof)	  mutant.	  	  The	  sof	  mutant	  exhibits	  shorter	  caudal	  fins,	  decreased	  cell	  
proliferation,	  and	  shorter	  bony	  segments	  (Iovine	  and	  Johnson,	  2000).	  Shorter	  bony	  segments	  
cause	  the	  fins	  of	  the	  sof	  mutant	  to	  be	  half	  the	  length	  of	  wild	  type	  fins.	  The	  sof	  mutant	  arises	  
from	  mutations	  in	  a	  gene	  called	  connexin43	  (cx43).	  	  
Connexins	  are	  components	  of	  gap	  junctions,	  which	  allow	  passage	  of	  molecules	  less	  than	  
1000Da	  into	  and	  out	  of	  a	  cell.	  Six	  connexins	  form	  a	  connexon	  and	  two	  connexons	  form	  a	  gap	  
junction.	  Gap	  junctional	  intercellular	  communication	  (GJIC)	  is	  required	  for	  bone	  morphogenesis	  
in	  mammals.	  For	  example,	  mutations	  in	  cx43	  are	  known	  to	  cause	  oculodentodigital	  dysplasia	  
(ODDD)	  in	  both	  humans	  and	  mice	  (Paznekas	  et	  al.,	  2003).	  ODDD	  is	  characterized	  by	  
abnormalities	  in	  facial	  bone	  structures	  as	  well	  as	  malformation	  of	  the	  distal	  limbs.	  Thus,	  the	  
cx43	  gene	  also	  has	  conserved	  function.	  In	  order	  to	  understand	  how	  cx43	  regulates	  skeletal	  
morphology	  in	  vertebrates,	  we	  use	  the	  sof	  mutant.	  Knockdown	  of	  cx43	  recapitulates	  all	  of	  the	  
sof	  phenotypes.	  
The	  “another	  long	  fin”	  (alf)	  mutant	  exhibits	  phenotypes	  opposite	  to	  those	  of	  the	  sof	  mutant,	  
including	  fin	  overgrowth	  and	  irregular	  segments	  and	  joints	  (van	  Eeden	  et	  al.,	  1996).	  Due	  to	  
stochastic	  joint	  failure,	  the	  bony	  segments	  of	  alf	  are	  longer	  than	  wild	  type	  segments	  and	  cell	  
proliferation	  is	  also	  increased.	  Importantly,	  the	  alf	  mutant	  exhibits	  cx43	  over-­‐expression.	  As	  
evidence	  that	  cx43	  influences	  segment	  length,	  knockdown	  of	  cx43	  rescues	  joint	  formation	  in	  
alf.	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The	  correlation	  among	  Cx43	  levels,	  fin	  growth,	  and	  joint	  formation	  is	  strong.	  Our	  hypothesis	  is	  
that	  Cx43	  promotes	  cell	  proliferation	  and	  suppresses	  joint	  formation.	  Recently,	  a	  microarray,	  
performed	  to	  identify	  genes	  that	  may	  be	  regulated	  by	  Cx43	  activity,	  suggested	  that	  
semaphorin3d	  (sema3d)	  may	  function	  downstream	  of	  Cx43.	  Indeed,	  knockdown	  of	  sema3d	  
recapitulates	  all	  of	  the	  sof	  phenotype,	  including	  decreased	  fin	  length,	  decreased	  segment	  
length,	  and	  decreased	  cell	  division.	  Expression	  of	  sema3d	  is	  down	  regulated	  in	  sof	  and	  cx43	  
knockdown.	  Furthermore,	  cx43	  knockdown	  also	  causes	  reduced	  expression	  of	  sema3d.	  We	  
suggest	  that	  sema3d	  mediates	  Cx43	  function	  (Figure	  1).	  
Semaphorins	  are	  ligands	  that	  mediate	  intercellular	  signal	  transduction.	  Semaphorin	  signaling	  is	  
critical	  in	  cell	  growth,	  survival,	  proliferation,	  and	  migration.	  Semaphorins	  are	  known	  to	  have	  
important	  functions	  in	  neuronal	  development,	  where	  they	  have	  been	  best	  characterized,	  but	  
they	  are	  also	  important	  in	  cardiovascular,	  endocrine,	  immune,	  and	  musculoskeletal	  systems.	  
There	  are	  eight	  groups	  of	  semaphorins,	  which	  may	  be	  secreted	  or	  membrane-­‐bound.	  The	  third	  
group,	  to	  which	  Sema3d	  belongs,	  consists	  of	  secreted	  ligands	  that	  act	  primarily	  as	  
chemorepelents	  in	  vertebrates	  (Cheng	  et	  al.,	  2001).	  Semaphorins	  are	  generally	  believed	  to	  
function	  by	  modifying	  the	  actin	  cytoskeleton	  and	  actin	  filament	  organization	  of	  a	  cell	  via	  
interaction	  with	  a	  variety	  of	  cell-­‐surface	  receptors.	  
Based	  on	  its	  amino	  acid	  sequence,	  Sema3d	  has	  two	  putative	  furin	  cleavage	  sites	  that	  divide	  the	  
protein	  into	  three	  fragments	  (Figure	  2).	  Furin	  preferentially	  cleaves	  at	  Arg-­‐X-­‐(Lys/Arg)-­‐Arg’	  sites.	  
Full	  length	  Sema3d	  is	  88.7kDa.	  Predicted	  fragments,	  from	  the	  N-­‐terminus	  to	  the	  C-­‐terminus,	  are	  
61.4kDa,	  22.4kDa,	  and	  4.9kDa	  in	  size.	  Any	  of	  these	  fragments	  or	  full	  length	  may	  be	  the	  
functional	  form	  of	  Sema3d	  in	  vivo,	  although	  processing	  of	  Sema3d	  may	  occur	  differently	  in	  vivo	  
and	  in	  vitro.	  	  
Semaphorins	  interact	  with	  two	  types	  of	  co-­‐receptors	  known	  as	  Neuropilins	  (Nrps)	  and	  Plexins	  
(Plxns).	  Neuropilins	  are	  known	  to	  be	  receptors	  for	  class	  3	  semaphorins.	  	  Direct	  Semaphorin-­‐
Plexin	  interactions	  have	  not	  been	  observed	  (Turner	  and	  Hall,	  2006).	  Rather,	  Neuropilins	  are	  
known	  to	  interact	  with	  Plexins,	  which	  may	  be	  necessary	  to	  transduce	  certain	  semaphorin	  
signals.	  The	  exact	  mechanisms	  of	  sema-­‐receptor	  binding	  remain	  unknown.	  	  Neuropilin2a	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(Nrp2a)	  and	  PlexinA3	  (PlxnA3)	  have	  been	  identified	  as	  putative	  receptors	  for	  Sema3d,	  but	  it	  is	  
unknown	  whether	  Nrp2a	  is	  actually	  involved	  in	  the	  Cx43	  pathway.	  	  
Knockdown	  of	  nrp2a	  in	  zebrafish	  yields	  increased	  cell	  proliferation,	  a	  phenotype	  that	  is	  
opposite	  that	  of	  cx43	  knockdown	  (Figure	  3).	  These	  data	  suggest	  that	  Nrp2a	  inhibits	  cell	  
proliferation,	  but	  plays	  no	  role	  in	  segment	  length	  or	  joint	  formation,	  and	  that	  Sema3d	  relieves	  
suppression	  of	  cell	  proliferation.	  Therefore,	  if	  Nrp2a	  is	  indeed	  involved	  in	  the	  Cx43	  pathway	  
during	  skeletal	  regeneration,	  binding	  of	  Sema3d	  must	  inhibit	  its	  function.	  Proteolytic	  processing	  
of	  Sema3d	  may	  contribute	  to	  its	  function	  and	  binding	  to	  Nrp2a.	  
In	  this	  study,	  we	  examined	  the	  role	  of	  Sema3d	  in	  the	  Cx43	  pathway	  during	  regeneration.	  	  
We	  sought	  to	  determine	  whether	  or	  not	  Sema3d	  is	  processed	  by	  furin	  and	  whether	  or	  not	  there	  
is	  a	  direct	  interaction	  between	  Nrp2a	  and	  Sema3d.	  Finally,	  we	  evaluate	  Sema3d	  suppression	  
during	  the	  time	  of	  the	  first	  joint	  formation.	  We	  suggest	  that	  decreased	  levels	  of	  expression	  of	  
both	  Sema3d	  and	  Cx43	  allow	  joint	  formation,	  and	  a	  subsequent	  increase	  in	  expression	  levels	  of	  
both	  molecules	  allow	  further	  cell	  proliferation	  and	  bone	  growth.	  
	  
Materials	  and	  Methods	  
Purification	  of	  MBP-­‐Sema3d	  via	  IMAC	  column	  and	  furin	  cleavage	  reaction	  
MBP-­‐tagged	  Sema3d	  was	  purified	  on	  an	  immobilized	  metal	  ion-­‐affinity	  chromatography	  (IMAC)	  
column.	  The	  IMAC	  column	  was	  washed	  with	  0.2	  M	  NiCl2	  and	  unbound	  nickel	  was	  removed	  with	  
washes	  in	  dH2O.	  After	  equilibration	  with	  the	  same	  lysis	  buffer	  used	  to	  make	  the	  protein	  lysate,	  
the	  lysate	  was	  spiked	  with	  fresh	  protease	  inhibitors	  and	  bound	  to	  the	  column.	  After	  extensive	  
washing	  with	  10	  mM	  and	  100	  mM	  imidazole,	  the	  protein	  was	  eluted	  with	  a	  500	  mM	  imidazole	  
solution.	  The	  resulting	  protein	  was	  stored	  at	  -­‐80oC.	  In	  order	  to	  determine	  whether	  Sema3d	  is	  
cleaved	  by	  furin	  at	  its	  putative	  cleavage	  sites,	  the	  MBP-­‐Sema3d	  was	  digested	  with	  furin	  (New	  
England	  BioLabs)	  in	  buffer	  (100mM	  HEPES,	  pH	  7.5;	  0.5%	  Triton-­‐X;	  1mM	  CaCl2;	  1mM	  BME)	  at	  
room	  temperature	  for	  2	  hours.	  The	  reaction	  was	  then	  run	  on	  an	  SDS-­‐PAGE	  gel	  under	  denaturing	  
conditions	  and	  stained	  with	  Coomassie	  Brilliant	  Blue.	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Co-­‐IP	  and	  Western	  blot	  for	  Nrp2a-­‐Sema3d	  interaction	  
GFP-­‐tagged	  Nrp2a	  was	  transfected	  into	  HeLa	  cells	  via	  electroporation,	  and	  purified	  from	  a	  HeLa	  
cell	  lysate.	  GST-­‐tagged	  Sema3d	  was	  purified	  from	  an	  E.	  coli	  lysate	  and	  concentrated	  with	  a	  50k	  
Ultracel	  filter.	  Nrp2a-­‐GFP	  was	  immuno-­‐precipitated	  using	  Protein	  A	  Mag	  beads	  (GE	  Life	  
Sciences)	  and	  an	  antibody	  against	  GFP,	  then	  washed	  and	  incubated	  with	  the	  concentrated	  GST-­‐
Sema3d	  lysate	  for	  one	  hour.	  After	  elution	  in	  Magic	  Buffer,	  the	  eluate	  was	  run	  on	  an	  SDS-­‐PAGE	  
gel	  and	  transferred	  to	  a	  nitrocellulose	  membrane	  for	  Western	  Blot	  analysis.	  One	  membrane	  
was	  incubated	  with	  an	  anti-­‐GFP	  antibody	  as	  a	  control	  and	  another	  was	  incubated	  with	  an	  anti-­‐
Sema3d	  antibody.	  If	  the	  Sema3d	  bound	  to	  the	  Nrp2a-­‐GFP,	  the	  anti-­‐Sema3d	  antibody	  should	  
detect	  a	  band	  on	  the	  experimental	  blot	  that	  is	  the	  size	  of	  the	  Nrp2a-­‐GFP	  protein.	  
In	  situ	  hybridization	  for	  sema3d	  time	  course	  fins	  
Wild	  type	  fins	  were	  harvested	  at	  72	  hpa,	  87	  hpa,	  and	  96	  hpa,	  then	  fixed	  in	  4%PFA	  in	  PBS	  and	  
stored	  in	  100%	  methanol	  at	  -­‐20oC.	  The	  fins	  were	  initially	  amputated	  by	  cutting	  one	  third	  of	  the	  
fin,	  just	  below	  the	  point	  at	  which	  the	  fin	  bifurcates.	  An	  antisense	  mRNA	  probe	  against	  sema3d	  
was	  generated	  as	  described	  elsewhere.	  Fins	  were	  washed	  gradually	  in	  methanol/PBST.	  Tissues	  
were	  then	  digested	  with	  5	  μg	  proteinase	  K	  for	  45	  minutes	  and	  re-­‐fixed	  in	  4%	  PFA	  in	  PBS	  for	  20	  
minutes.	  Fins	  were	  pre-­‐hybridized	  at	  65oC	  in	  a	  Hyb-­‐	  solution	  containing	  Heparin	  at	  50	  μg/mL	  and	  tRNA	  at	  10	  μg/mL.	  Hybridization	  occurred	  overnight	  with	  the	  antisense	  mRNA	  probe	  at	  
65oC.	  Gradual	  washes	  with	  2x	  SSC	  and	  gradual	  washes	  in	  .2x	  SSC	  were	  followed	  by	  extensive	  
washing	  in	  PBST.	  After	  PBST	  washes,	  fins	  were	  washed	  three	  times	  in	  staining	  buffer	  (100	  mM	  
Tris,	  pH	  9.5,	  50	  mM	  MgCl2,	  100	  mM	  NaCl,	  0.1%	  Tween20,	  pH	  9.0).	  Tissues	  were	  then	  
transferred	  to	  staining	  solution	  (staining	  buffer	  plus	  0.22	  mg/mL	  NBT	  and	  0.175	  mg/mL	  BCIP)	  
and	  incubated	  until	  a	  purple	  color	  was	  observed.	  
Results	  and	  Discussion	  
Sema3d	  is	  extremely	  labile	  in	  vitro	  
The	  MBP-­‐Sema3d	  protein	  construct	  has	  proved	  to	  be	  unstable	  in	  vitro.	  Even	  immediately	  after	  
purification,	  the	  construct	  never	  appeared	  to	  be	  in	  full-­‐length	  form.	  There	  was	  always	  evidence	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of	  degradation	  of	  Sema3d	  on	  protein	  gels.	  In	  order	  to	  determine	  whether	  furin	  cleaves	  Sema3d	  
at	  its	  putative	  cleavage	  sites,	  non-­‐dialyzed	  MBP-­‐Sema3d	  was	  incubated	  with	  furin	  and	  run	  on	  
an	  SDS-­‐PAGE	  gel.	  Staining	  with	  Coomassie	  Brilliant	  Blue	  revealed	  no	  difference	  in	  cleavage	  
patterns	  between	  Sema3d	  cut	  with	  furin	  and	  Sema3d	  in	  the	  absence	  of	  furin	  (Figure	  4).	  This	  
suggests	  that	  there	  is	  no	  furin	  cleavage	  of	  Sema3d	  under	  this	  set	  of	  reaction	  conditions.	  	  
Furin	  digestion	  of	  fusion	  proteins	  is	  optimized	  at	  25oC.	  It	  is	  possible	  that	  this	  condition	  causes	  
denaturation	  of	  MBP-­‐Sema3d,	  which	  could	  explain	  why	  the	  Sema3d-­‐furin	  reaction	  displays	  the	  
same	  cutting	  pattern	  as	  the	  uncut	  Sema3d.	  Because	  purification	  by	  IMAC	  requires	  imidazole,	  it	  
is	  also	  possible	  that	  the	  Sema3d	  protein	  contained	  residual	  imidazole,	  which	  may	  have	  inhibited	  
the	  furin	  reaction.	  It	  would	  be	  useful	  to	  dialyze	  the	  MBP-­‐Sema3d	  in	  order	  to	  eliminate	  some	  of	  
the	  smaller	  fragments	  that	  appear	  on	  SDS-­‐PAGE	  gels.	  It	  is	  also	  possible	  that	  Sema3d	  is	  
processed	  differently	  in	  vivo	  and	  in	  vitro.	  Function	  of	  Sema3d	  may	  depend	  on	  processing.	  If	  
specific	  fragments	  of	  Sema3d	  were	  isolated,	  those	  fragments	  could	  be	  injected	  into	  
regenerating	  fins	  and	  the	  resulting	  phenotypes	  observed.	  	  
No	  direct	  evidence	  of	  Sema3d-­‐Nrp2a	  binding	  in	  vitro	  
Nrp2a	  is	  a	  putative	  receptor	  for	  Sema3d,	  but	  it	  exhibits	  knockdown	  phenotypes	  that	  are	  
opposite	  to	  those	  of	  Sema3d	  (Figure	  3).	  Indeed,	  Nrp2a	  knockdowns	  demonstrate	  increased	  cell	  
proliferation.	  One	  possibility	  is	  that	  Sema3d	  binding	  Nrp2a	  inhibits	  the	  function	  of	  Nrp2a.	  
Alternatively,	  it	  is	  possible	  that	  Nrp2a	  does	  not	  directly	  bind	  Sema3d,	  or	  that	  it	  functions	  during	  
regeneration	  in	  a	  different	  pathway.	  In	  order	  to	  test	  whether	  Sema3d	  and	  Nrp2a	  interact	  
directly	  in	  vitro,	  GST-­‐Sema3d	  was	  purified	  from	  E.	  coli,	  and	  Nrp2a-­‐GFP	  was	  purified	  from	  HeLa	  
cells.	  After	  performing	  a	  co-­‐IP,	  Western	  blot	  analysis	  revealed	  no	  apparent	  interaction	  between	  
the	  two	  proteins	  (Figure	  5).	  	  
The	  signal	  from	  the	  Nrp2a-­‐GFP	  appears	  significantly	  stronger	  than	  that	  of	  the	  GST-­‐Sema3d	  in	  
our	  Western	  blot	  analysis.	  It	  is	  possible	  that	  the	  weak	  Sema3d	  signal	  contributed	  to	  the	  
negative	  result	  of	  this	  analysis.	  However,	  since	  the	  signal	  from	  the	  Nrp2a	  is	  so	  strong,	  we	  would	  
still	  expect	  to	  see	  some	  signal	  from	  the	  Nrp2a-­‐Sema3d	  co-­‐IP	  when	  probing	  for	  Sema3d	  even	  
with	  a	  weak	  Sema3d	  signal.	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The	  constructs	  utilized	  in	  this	  analysis	  were	  isolated	  from	  two	  different	  organisms-­‐the	  Sema3d	  
from	  E.	  coli	  and	  the	  Nrp2a	  from	  HeLa	  cells.	  The	  mechanisms	  of	  post-­‐translational	  modifications	  
such	  as	  glycosylation	  differ	  slightly	  in	  prokaryotes	  and	  eukaryotes.	  This	  may	  explain	  why	  these	  
two	  protein	  constructs	  do	  not	  display	  any	  physical	  interaction.	  This	  same	  interaction	  should	  be	  
repeated	  with	  constructs	  isolated	  from	  the	  same	  model	  system,	  ideally,	  proteins	  immuno-­‐
precipitated	  from	  regenerating	  zebrafish	  fins.	  It	  is	  also	  possible	  that	  Nrp2a	  requires	  
dimerization	  with	  PxlnA3	  in	  order	  to	  bind	  Sema3d.	  
During	  formation	  of	  the	  first	  joint,	  sema3d	  mRNA	  levels	  correlate	  with	  those	  of	  cx43	  mRNA	  
Cx43	  and	  Sema3d	  both	  function	  to	  suppress	  joint	  formation	  during	  regeneration,	  but	  joints	  
nevertheless	  form	  in	  a	  regenerating	  fin.	  Therefore,	  we	  hypothesized	  that	  expression	  of	  both	  
genes	  must	  be	  transiently	  reduced	  in	  order	  to	  allow	  joints	  to	  form.	  Previous	  work	  demonstrates	  
a	  correlation	  between	  young	  joint	  morphology	  and	  decreased	  cx43	  mRNA	  using	  in	  situ	  
hybridization	  and	  qRT-­‐PCR	  (Ton,	  personal	  communication).	  	  	  
Since	  sema3d	  is	  downstream	  of	  cx43	  and	  we	  suggest	  that	  sema3d	  mediates	  cx43-­‐dependent	  
joint	  formation,	  we	  expect	  that	  sema3d	  must	  be	  similarly	  reduced	  at	  the	  time	  of	  joint	  initiation.	  
In	  situ	  hybridization	  with	  antisense	  probes	  for	  sema3d	  was	  performed	  in	  whole	  mount	  wild-­‐
type	  fins	  at	  72	  hpa,	  87	  hpa,	  and	  96	  hpa	  (Figure	  6).	  We	  found	  that	  levels	  of	  sema3d	  mRNA	  were	  
highest	  at	  72	  hpa	  and	  96	  hpa.	  Expression	  was	  significantly	  reduced	  at	  87	  hpa,	  which	  is	  
consistent	  with	  the	  cx43	  data.	  Since	  regenerating	  fins	  produce	  regular	  joints,	  it	  is	  likely	  that	  
both	  cx43	  and	  sema3d	  levels	  are	  transiently	  reduced	  each	  time	  a	  new	  joint	  is	  made,	  although	  
the	  timing	  of	  joint	  formation	  changes	  as	  regeneration	  progresses.	  The	  morphology	  of	  the	  sof	  
mutant,	  which	  expresses	  cx43	  and	  sema3d	  at	  lower	  levels	  compared	  to	  wild	  type,	  supports	  
these	  findings.	  The	  sof	  mutant	  has	  short	  bony	  fin	  ray	  segments,	  which	  we	  suggest	  result	  from	  
premature	  joint	  formation.	  Thus,	  since	  these	  genes	  are	  constitutively	  expressed	  at	  a	  lower	  rate,	  
a	  similar	  reduction	  in	  gene	  expression	  causes	  joints	  to	  form	  too	  soon.	  
Quantification	  of	  sema3d	  cDNA	  in	  this	  time	  course	  by	  qRT-­‐PCR	  would	  strengthen	  the	  in	  situ	  
findings.	  In	  situ	  hybridization	  on	  fin	  sections	  would	  also	  give	  a	  better	  indication	  of	  where	  the	  
sema3d	  is	  expressed	  and	  whether	  or	  not	  the	  location	  of	  its	  expression	  is	  altered	  as	  joints	  form	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at	  87	  hpa.	  It	  is	  important	  to	  note	  that	  the	  time	  course	  utilized	  in	  this	  study	  is	  relevant	  only	  to	  
fins	  amputated	  at	  one-­‐third	  of	  the	  total	  fin	  length.	  Since	  the	  speed	  of	  regeneration	  depends	  on	  
the	  amount	  of	  tissue	  amputated,	  the	  time	  course	  would	  be	  altered	  if	  more	  tissue	  were	  
removed.	  The	  cycle	  of	  transient	  down	  regulation	  of	  cx43	  and	  sema3d	  should	  still	  occur,	  but	  the	  
time	  of	  down	  regulation	  will	  be	  slightly	  altered.	  
Conclusions	  
Semaphorin3d	  plays	  an	  important	  role	  in	  the	  connexin43	  signaling	  pathway	  during	  zebrafish	  
caudal	  fin	  regeneration,	  although	  the	  precise	  mechanisms	  of	  its	  action	  remain	  unknown.	  Since	  
Sema3d	  protein	  is	  extremely	  labile	  in	  vitro,	  determination	  of	  cleavage	  patterns	  and	  physical	  
interactions	  with	  receptor	  molecules	  is	  difficult.	  In	  vivo,	  sema3d	  functions	  downstream	  of	  cx43	  
to	  promote	  cell	  proliferation	  and	  suppress	  joint	  formation.	  Transient	  down	  regulation	  of	  both	  
cx43	  and	  sema3d	  allows	  formation	  of	  joints	  during	  regeneration.	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  72	  hpa	   	  	  	  	  87	  hpa	   96	  hpa	  
Figure	  5.	  Sema3d	  does	  not	  bind	  
Nrp2a	  in	  vitro.	  
Figure	  6.	  Whole	  mount	  in	  situ	  hybridization	  (ISH)	  using	  Sema3d	  
Sema3d	  mRNA	  is	  expressed	  at	  higher	  levels	  at	  72	  hpa	  and	  96	  hpa.	  Transiently	  lower	  expression	  is	  seen	  at	  87	  hpa.	  
